Objectives: Lung ultrasound is commonly used to evaluate lung morphology in patients with acute respiratory distress syndrome. Aim of this study was to determine lung ultrasound reliability in assessing lung aeration and positive end-expiratory pressureinduced recruitment compared with CT. Design: Randomized crossover study. However, Lung Ultrasound score variations were not associated with lung recruitment (R 2 = 0.01; p = 0.67). Conclusions: Lung Ultrasound score is a valid tool to assess regional and global lung aeration. Global Lung Ultrasound score variations should not be used for bedside assessment of positive end-expiratory pressure-induced recruitment. (Crit Care Med 2018; 46:1761-1768 
T he acute respiratory distress syndrome (ARDS) is defined as a noncardiogenic pulmonary edema with alveolar shunt and arterial hypoxemia (1) . Through the years, the use of mechanical ventilation moved to reduce the ventilation-induced lung injury with high positive end-expiratory pressure (PEEP) levels, low tidal volumes, recruitment maneuvers, and prone position (2) (3) (4) (5) .
However, the response to PEEP, prone position, and recruitment maneuver is highly variable and poorly predictable, being affected by severity of the disease, type of injury, amount of lung edema, timing of onset, and alteration of chest wall compliance (6, 7) .
Lung CT is the gold standard chest imaging technique to evaluate lung morphology and to perform a quantitative analysis of lung tissue aeration and recruitment (8) . However, CT requires intrahospital patient transfer from ICU to radiology department and the use of ionizing radiation, precluding a widespread clinical use. The possibility to have a repeatable and noninvasive imaging technique to assess lung aeration could significantly improve the management of ARDS patients (9) (10) (11) . Lung ultrasound (LUS) has been proposed as an alternative bedside imaging technique (12) (13) (14) (15) (16) . Ex vivo, LUS artifacts changed with the progressive increase in lung density (17) . In a controlled human model of lung air content variation, LUS reliably recorded the changes in lung aeration (18) . A LUS scoring system was proposed and successfully applied to assess reaeration in ventilator-associated pneumonia (VAP) (19) , predict weaning failure from mechanical ventilation (20) , and monitor aeration in extracorporeal membrane oxygenation patients (21) . PEEP-induced recruitment was also studied but compared with pressure-volume curve (22) , which in contrast to CT mainly computes the inflation of both newly and already open alveolar units (3, 23, 24) .
We hypothesized that LUS score can provide a reliable bedside assessment of both regional and global lung aeration and that changes in LUS score are associated with PEEP-induced recruitment.
The aims of the present study were 1) to compare LUS score to quantitative CT in the assessment of regional and global lung aeration and 2) to analyze the relationship between LUS score variations and PEEP-induced lung recruitment in ARDS patients.
METHODS
Further details are mentioned in the supplemental material (Supplemental Digital Content 1, http://links.lww.com/CCM/ D837).
Population
Twenty consecutive ARDS patients were prospectively enrolled at the Fondazione IRCCS Cà Granda Ospedale Maggiore Policlinico, Italy. The study was approved by the institutional review board of the hospital; written consent was obtained according to Italian regulation. This study was not registered in a registry of clinical trials, according to the definition of the International Committee of Medical Journal Editors (25) .
Protocol
The study protocol is summarized in supplement (Fig. E1 , Supplemental Digital Content 1, http://links.lww.com/CCM/D837). In radiology department, a recruitment maneuver was performed in pressure control ventilation at PEEP 5 cm H 2 O, with a plateau pressure of 45 cm H 2 O, inspiratory:expiratory ratio 1:1, respiratory rate of 10 breaths for 2 minutes. After the recruitment maneuver, 5 and 15 cm H 2 O of PEEP were randomly applied with a similar ventilator settings; the order of PEEP for the second examination (LUS or CT) was kept the same. Subsequently, patients returned to intensive care where a new recruitment maneuver was applied, and LUS at two levels of PEEP was applied. The whole trial was performed within 2 hours.
LUS Acquisition
Transversal scans were performed with linear (12 MHz) or phased-array probe (2.5 MHz) for visualization of pleural line or tissue-like pattern, respectively (19, 22, 26) . Six regions per hemithorax (upper and lower parts of anterior, lateral, and posterior chest wall) were identified (19) (20) (21) (22) . To evaluate interobserver reproducibility, six patients were examined by two blinded investigators (D.C., I.A.).
LUS Analysis
LUS videos were analyzed offline by four expert physicians (S.M., A.O., G.V., F.M.); each clip was analyzed by two operators, discordant clips by a third. Analyzers were blinded relatively to patients' identity, PEEP level, lung region, and CT findings.
According to the ultrasound pattern, the LUS score was computed as presence of A line alone or less than three B lines (0 point); at least three well-spaced B lines (1 point), coalescent B lines (2 points), and lung consolidation (3 points) (20) . The LUS score of each region (regional LUS score) corresponded to the rounded average score of all pertaining intercostal spaces and ranged from 0 to 3. Global LUS score was computed as the sum of the 12 regions' score, therefore ranging from 0 to 36.
CT Scan Acquisition
Lung CT scan variables were 110 mAs, tube voltage 120 kV, rotation time 0.5 s, collimation 128 × 0.6 mm, pitch 0.85, and reconstruction matrix 512 × 512.
CT Scan Analysis
In each CT slice, lung profiles were manually delineated and analyzed with a dedicated software package (Soft-E-Film, Centro di Ricerca Coordinata di Insufficienza respiratorioa -Università degli Studi di Milano; http://www.softefilm.eu).
Lung tissue was classified according to gas/tissue content as not aerated (CT number between +100 and -100 Hounsfield unit [HU]), poorly aerated (CT number between -101 and -500 HU), normally aerated (-501 and -900 HU), and hyperinflated (-901 and -1,000 HU) (23) .
Each lung was divided in six areas to mirror as much as possible the regions explored by ultrasound: two of equal height along the apex-base axis and three of equal height along the sternum-vertebral axis. ) or by Spearman rank correlation (r s ) as appropriate. The agreement between regional LUS score and CT classification was assessed with Cohen's kappa (27) . p value of less than or equal to 0.05 was considered significant (two sided).
Statistical Analysis

RESULTS
Main characteristics of the whole population are reported in Table 1 . The interobserver agreement for LUS score was kappa equals to 0.84 (95% CI, 0.79-0.90). Carryover effect was not statistically significant at a Mann-Whitney U test for independent samples.
Global Lung Aeration
Global LUS score was strongly associated with average lung tissue density at PEEP 5 (R 2 = 0.78; p < 0.0001) and PEEP 15 (R 2 = 0.62; p < 0.0001); a weaker relationship was observed between LUS score and not aerated tissue at PEEP 5 (R 2 = 0.30; p = 0.01) and PEEP 15 (R 2 = 0.23; p = 0.03). Regression analysis is displayed in Figure 1 . Global LUS score was inversely associated with lung gas/volume ratio and well-aerated tissue at both (Fig. 2) ; each step increase of LUS score was associated with a statistically significant increase of density (p < 0.005).
At both PEEP levels, lung regions with different LUS scores, similarly to regions with different CT classification, had also statistically different proportions of hyperinflated, well, poorly, and not aerated tissue as assessed by CT (p < 0.000001) (Fig. 3) . Well, poorly, and not aerated tissues were the most represented (p < 0.005) in LUS scores 0-1, 2, and 3, respectively. Wellaerated tissue was statistically more (p < 0.002) and not aerated tissue less represented (p < 0.002) in LUS 2 regions compared with poorly aerated regions. Well and poorly aerated tissues were statistically more (p < 0.0001) and not aerated tissue less represented (p < 0.0001) in LUS 3 regions compared with not aerated regions.
There was a substantial agreement between regional LUS score and CT classification ( Table E1, Lung Recruitment PEEP-induced changes of lung aeration variables are reported in Table 2 .
At PEEP 
DISCUSSION
The major findings of this study are as follows: 1) global and regional LUS scores were strongly associated with lung tissue density as assessed by CT, 2) a substantial agreement between LUS and CT classification of regional lung aeration was found, and 3) global LUS score variations were not statistically related to PEEP-induced recruitment.
Lung Aeration Assessment
In ARDS, CT scan shows the simultaneous presence of normal aeration and ground glass, with or without consolidations. A, Hyperinflated tissue was more represented in well-aerated regions than in poorly and not aerated regions (p < 0.005), well-inflated tissue progressively decreased moving from well to poorly and to not aerated regions (p < 0.005), poorly inflated tissue was more represented in poorly aerated than in well and not aerated regions (p < 0.005), and not aerated tissue progressively increased moving from well to poorly and to not aerated regions (p < 0.005). Same results were observed when positive end-expiratory pressure (PEEP) 5 and PEEP 15 were analyzed separately. B, Hyperinflated tissue was more represented in LUS 0-1 regions than in LUS 2 and LUS 3 regions (p < 0.005), well-inflated tissue progressively decreased moving from LUS 0-1 to LUS 2 and to LUS 3 regions (p < 0.005), poorly inflated tissue was more represented in LUS 2 than in LUS 0-1 and LUS 3 regions (p < 0.005), and not aerated tissue progressively increased moving from LUS 0-1 to LUS 2 and to LUS 3 regions (p < 0.005). Same results when PEEP 5 and PEEP 15 were analyzed separately. Proportions of hyperinflated, well, poorly, and not aerated tissue were similar in regions with LUS scores 0-1 and in regions assessed by CT as well aerated. Well-aerated tissue was higher (p < 0.002) and not aerated tissue was lower (p < 0.002) in LUS 2 regions compared with poorly aerated regions. Well and poorly aerated tissues were higher (p < 0.0001) and not aerated tissue was lower (p < 0.0001) in LUS 3 regions compared with not aerated regions. Same results when PEEP 5 and PEEP 15 were analyzed separately. This corresponds in LUS to multiple (eventually coalescent) B lines juxtaposed to normal A pattern areas (spared areas), with or without small subpleural and lobar consolidations (11, 14) . Quantitative CT is the gold standard technique to assess lung aeration in ARDS patients; lung tissue density is quantified, and four levels of aeration are classically identified: hyperinflated, well, poorly, and not aerated tissues (23) . A quantitative LUS score has been proposed for lung aeration assessment, based on the identification of four patterns in function of number and type of visualized artifacts: normal aeration, moderate, severe, and complete loss of aeration (19) (20) (21) (22) . Baldi et al (28) reported a relationship between the number of B lines and lung density in mechanically ventilated patients. In patients with VAP, changes in LUS score before and after antibiotics predicted the improvement in lung aeration (19) . These findings are consistent with the fact that CT scan computes the lung density, which is also the main determinant of appearance, number, and coalescence of LUS artifacts (17) . In our study, global LUS score showed a statistically significant association with lung density and a significant inverse relationship with gas/volume ratio as assessed by CT. A weaker association was found between LUS score and not aerated tissue; this is explained by the fact that regions with moderate and severe loss of aeration also contribute to LUS score computation. One of the main endpoints of this study was to determine whether LUS score parallels CT classification. Regions with different LUS score had also different lung tissue density, and each step of LUS score increase corresponded to a significant gain in tissue density. When analyzing CT classification, we remarked that all types of tissue were represented in well, poorly, and not aerated regions, but in different proportions. A similar distribution was observed in LUS scoring. In particular, score 0-1 regions showed almost identical proportions of tissue compared with well-aerated regions. Scores 2 and 3 regions had similar-but not identical-tissue composition compared with poorly and not aerated regions, respectively, the main difference being a lower amount of not aerated tissue. Thus, LUS slightly overestimated regional loss of aeration.
Accordingly, there was a substantial agreement in regional aeration assessment between LUS and CT at both PEEP levels, but in around 30% of observations, LUS underestimated regional lung aeration. Two types of disagreement were observed. First, score 2 (severe loss of aeration) was assigned to well-aerated regions in 9% of observations. Current LUS scoring system identifies score 2 on the basis of coalescence of B lines; a recent study suggested this may lead to overestimation of loss of aeration because of focal coalescence, a frequent finding in ARDS (26) . Our results seem to confirm this problem and the need for a different definition of score 2, for instance based on the amount of pleura showing artifacts (26) .
Second, score 3 (complete loss of aeration) was assigned to poorly aerated regions in 22% of observations. A LUS limitation consists in fact in attributing a score 3 whenever a tissuelike pattern is observed, independent of its dimension. To note, when a score 3 was wrongly attributed to a lung region in the present study, not aerated tissue was well represented (median value: 50% of total tissue) and thus easily detected by LUS. To further improve agreement with CT, our findings suggest that The table shows the differences in CT scan whole lung variables and gas exchange between the two levels of PEEP. Respiratory system elastance is computed as the ratio between the plateau pressure minus PEEP and the tidal volume. Lung tissues are classified according to the mean CT density. Not aerated tissue if -100 Hounsfield unit (HU) or above, poorly aerated between -101 and -500 HU, well aerated between -501 and -900 HU, hyperinflated if lower than -901 HU. All compartments are expressed as fraction on the total lung weight. The p values refer to the comparisons within the same subject. Hyperinflation was not analyzed since ranging from 0% to 2% at PEEP 5 and from 0% to 4% at PEEP 15.
LUS 3 score should be attributed only to regions where tissuelike pattern is largely predominant. Despite these (correctable) flaws of current LUS score, our findings are consistent with and provide an objective explanation of previous studies supporting LUS score as reliable bedside tool to assess and monitor lung disease severity (10, 19, 21) and to predict outcome (16, 20) .
Lung Recruitment Assessment
ARDS patients are typically characterized by the presence of consolidated/atelectatic areas mainly located in the dependent lung regions, which can be recruited by applying a transient increase in transpulmonary pressure and adequate PEEP level to prevent its closure (3, 6, 7) . A previous study in ARDS patients observed a good correlation between pressure-volume curve and LUS assessment of PEEP-induced recruitment (22) . However, this recruitment does not correspond to the reinflation of previously collapsed lung units, as most of the gas enters already inflated lung regions (24) . Therefore, we investigated the relationship between the change of LUS score and the variation of not aerated tissue measured by CT, to test the hypothesis that LUS can assess lung recruitment and thus the amount of lung tissue that is at risk of cyclic opening and closing at the low PEEP level.
In the present study, both CT and LUS showed a significant increase in lung aeration at PEEP 15 versus PEEP 5 cm H 2 O with a similar pattern: CT showed increase of well aerated, decrease of not aerated, and unchanged poorly aerated tissue; LUS similarly showed increase of score 0-1, decrease of score 3, and unchanged score 2. However, LUS score variations were not associated with PEEP-induced recruitment.
Thus, LUS score mirrors lung tissue aeration, but not PEEPinduced recruitment. These apparently contradictory findings are explained by the fact that LUS has a gradation of scores (normal aeration, moderate, severe, and complete loss of aeration) according to the presence of A lines, B lines, and consolidation and is not dedicated to consolidation assessment only. Thus, LUS score changes in function of any aeration modification, even when consolidated regions are not involved. On the contrary, lung recruitment in ARDS is defined as not aerated tissue turning into aerated tissue at CT assessment, that is, opening up of closed atelectatic lung. Therefore, a patient with severe (but not complete) loss of aeration may respond to PEEP with substantial improvement of lung tissue aeration (and significant decrease of LUS score) but, by definition, cannot be a recruiter because potentially recruitable not aerated tissue is missing (see the example in Fig. E5 , right panel, Supplemental Digital Content 1, http://links.lww.com/CCM/ D837). This also explains why LUS changes correlated with pressure-volume curve recruitment in the study of Bouhemad et al (22) , but not with CT recruitment in the present study. Furthermore, a weakness of current definition of LUS score 3 is that it does not change if a tissue-like pattern is still detected, although significantly reduced in size (see the example in Fig. E5 , left panel, Supplemental Digital Content 1, http:// links.lww.com/CCM/D837). This means that a substantial PEEP-induced decrease of not aerated tissue (i.e., recruitment) will not be associated with a change in LUS score, unless tissuelike pattern completely disappears at ultrasound examination. For these reasons, variations of LUS score should not be used as a bedside alternative to CT assessment of lung recruitment.
Our results may have been influenced by several methodological limitations. LUS and CT were not performed simultaneously; transportation to/from the ICU was always needed in between. LUS examination lasts minutes and is performed during tidal ventilation whereas CT lasts seconds and is performed during an expiratory pause. Correspondence between the division of lung areas in LUS and in CT is acceptable, but not still definite. Standard LUS is performed in semirecumbent position whereas CT in supine. Furthermore, LUS analysis performed by expert operators blind to clinical conditions, PEEP setting, and examined lung region, certainly represents a strength of the study; anyway, offline interpretation of images acquired by other physicians represents a potential source of misinterpretation. Despite this limitation, LUS score interobserver agreement was clinically acceptable and similar to previous data (19, 26) . Finally, a general limitation of LUS is the detection of lung overinflation, which may be induced by high PEEP.
CONCLUSIONS
LUS is a reliable bedside tool to evaluate global and regional lung aeration, accounting for its acknowledged role in assessing and monitoring lung disease severity. LUS score variations are not associated with PEEP-induced recruitment as assessed by CT and should not be used as an alternative bedside tool for this purpose.
